Introduction
The geoid, namely the shape that the surface of the oceans would take under the influence of Earth᾽s gravity and rotation alone, in the absence of other influences such as tides and winds (Pugh, 1987) , is also the reference surface to which levelled heights refer. In fact, the orthometric height (H) of a point is the distance, along a plumb line, from the point to the geoid that is not coincident with the reference ellipsoid of the Earth: the vertical separation between the ellipsoid and the geoid is known as geoid undulation (N). A model giving the relationship between N and the horizontal location, such as the Easting (x) and Northing (y), is named a geoid model.
The conversion of GPS (Global Positioning System) ellipsoidal height (h) into orthometric height requires a knowledge of the geoid undulation related to WGS84 ellipsoid (Featherstone, Dentith, & Kirby, 1998; Fotopoulos, Kotsakis, & Sideris, 2003; Kaplan & Hegarty, 2005; Shen & Han, 2013; Pepe, Prezioso, & Santamaria, 2015) . In fact, a WGS84 ellipsoidal height is transformed to an orthometric height by algebraically subtracting have improved the working efficiency of EGM2008 with the polynomial mathematical model (Peprah, Ziggah, & Yakubu, 2017) . By contrast, local geoid height models with more accurate grid spacing are determined, e.g., using GPS/levelling points, where both the ellipsoidal and orthometric heights are given; the first using GNSS technology, the latter derived from a surveying technique called "precise levelling".
National geoid models are generally derived by a combination of different datasets, integrating individual pure astrogeodetic, gravimetric and GPS/levelling solutions (Marti, 2007) . The Italian geoid model, named ITALGEO2005 (Barzaghi, Borghi, Carrion, & Sona, 2007) , is the national gravimetric geoid integrated with GPS/levelling data: it is available with grid spacing of 2′ both in latitude and in longitude; each file, corresponding to an area of 20′ in latitude and 30′ in longitude, is available in return for payment. Because for most Italian GNSS Permanent Stations documents (monographs) containing 3D coordinates (not only latitude/longitude or North and East, but also orthometric and ellipsoidal heights) are available on the Internet, it is possible to use these points to improve the accuracy of EGM2008, determining a geoid model for the local area free of charge.
In this paper the geoid model is determined for an area located in North-western Italy using Ordinary Kriging interpolation applied to a dataset resulting from GNSS Permanent Station monographs.
The paper is organised as follows. Section 1 describes the materials and methods: the horizontal coordinates of the 25 GNSS Permanent Stations (GNSS PS) and the geoid undulation, calculated at these points from the orthometric and ellipsoidal heights, are used to improve the accuracy of the EGM2008 global model. In particular, differences between the GNSS PS geoidal heights and the corresponding EGM2008 1′ × 1′ ones are interpolated using Ordinary Kriging; the resulting values are summed to EGM2008. Section 2 presents and discusses the results. Finally, last section draws some conclusions.
Materials and methods

Study area and GNSS permanent stations
GNSS positioning services have been rapidly developing in Italy. For administrative reasons public positioning services are designed, created and managed on a local scale, corresponding to the Italian regions (Biagi, Caldera, Capra, Castagnetti, & Sansò, 2008) . In this paper, 25 GNSS Permanent Stations (GNSS PSs) located in in North-western Italy are considered. They are included in the GNSS networks of four regions: Lombardia (5 GNSS PSs), Piemonte (14), Valle d' Aosta (3) and Liguria (3). In reference to WGS84 (ETRF2000) (Van der Marel, 2014; Falchi, 2017) , they cover an area of about 28,000 sq km extending from 44°18′56.59623′′ N to 45°48′7.77740′′ N in latitude and from 7°9′7.75178′′ E to 9°19′24.65950′′ E in longitude. The monographs of all the considered stations are available on the Internet: each of them supplies horizontal coordinates (latitude/longitude, North/East) referred to WGS84 (ETRF2000) and the orthometric and ellipsoidal heights.
The geoid undulation of each station (GSS) is computed subtracting H from h. Horizontal coordinates (latitude and longitude), for each GNSS Permanent Station are reported in Table 1 Figure 1 ). The mean distance between the two nearest stations is about 33 km.
EGM2008 geoid undulation
The official Earth Gravitational Model EGM2008 is a spherical harmonic model of the Earth's gravitational potential computed by the National Geospatial-Intelligence Agency (NGA) EGM Development Team. It is a least squares combination of the ITG-GRACE03S gravitational model and its associated error covariance matrix, with the gravitational data obtained from a worldwide set of areamean free-air gravity anomalies defined on a grid spacing of 5′ both in latitude and in longitude. This grid results as an integration of airborne, terrestrial and altimetry-derived gravity data. EGM2008 is complete to spherical harmonic degree and order 2159 and encloses additional coefficients up to degree 2190 and order 2159 (Pavlis, Holmes, Kenyon, & Factor, 2012; Barzaghi, Carrion, Pepe, & Prezioso, 2016) .
Full access to the model᾽s coefficients and other descriptive files with additional details about EGM2008 are provided on the Internet. The FORTRAN harmonic synthesis program, hsynth WGS84.f, permits to compute point geoid undulations with respect to WGS84 from spherical harmonic synthesis of the EGM2008 Tide Free Spherical Harmonic Coefficients and its associated Correction Model, at any WGS84 latitude/longitude coordinate pair listed in a coordinate input file (such as INPUT. DAT). Pavlis et al. (2012) report that the differences between geoid undulations computed from EGM2008 and those computed from independent GPS/levelling data are in the order of 5 to 10 cm. However, higher values of discrepancies have resulted from other studies in specific and limited areas, e.g., RMS (Root Mean Square) of 79 cm in Saudi Arabia (Alothman et al., 2014) .
EGM2008 GIS datasets are available on the Internet: 32 zip files can be downloaded, each containing an ESRI GRID raster dataset of 2.5′ geoid undulation values covering a 45° × 45° area. Each raster file has a 2.5′ cell size and is a subset of the global 2.5′ × 2.5′ grid of pre-computed geoid undulation point values EGM2008-WGS84 (NGAOffice of Geomatics, n.d.). In particular, the value of each 2.5′ raster cell derives from the original pre-computed geoid undulation point value located at the south-west corner of each cell (NGA-Office of Geomatics, n.d.).
For this application, two zip files are considered because the study area is around the 45th parallel that marks the limit of neighbouring datasets. Using ArcGIS, only the area of interest is extracted from them and, considering the different datum of the GNSS PSs, referred to UTM-WGS84 (ETRF2000) (Figure 2 ). At each GNSS PS point the difference between the EGM2008 geoid undulation and the GSS value is computed. Using EGM2008 resources available on the Internet concerning a 1′ × 1′ global grid of pre-computed geoid undulations, a GIS dataset 1′ × 1′ limited to the area of interest is built for this study.
Ordinary Kriging interpolator
The geoid undulation, N, and the horizontal coordinates, x and y, of some control points can be used to determine the local geoid based on an interpolation method, e.g., polynomial regression (M. E. T. I. N. Soycan & A. R. Z. U. Soycan, 2003; Erol, 2011) , Inverse Distance Weighting to a Power (El-Hallaq, 2012), or Kriging (Komarov, Kascheev, & Zagretdinov, 2008) . For example, using a second-degree polynomial as the specific mathematical relation/model, with at least six control points, whose N, x and y are known, the six polynomial coefficients may be computed by defining the exact mathematical relation: this model can be used to obtain the N value for any location by inputting the horizontal coordinates x and y (Das, Samanta, Jana, & Rosa, 2017) .
Ordinary Kriging, one of the most useful geostatistical methods in providing accurate approximations, has supplied good performances for geoid model determination by GPS/levelling data (Soycan, 2013) . Recently, Ligas and Kulczycki (2018) used Ordinary Kriging and moving window Kriging on a sphere for local geoid definition.
Using GPS/levelling data, several measured values to be interpolated are necessary: in the case of Izimir Municipality (Turkey), 1148 points were used as input dataset for an area covered by the grid of 12,648 sq km (Soycan, 2013) . It is also possible to model the differences between the GPS/levelling undulations and the EGM2008 derived undulations at identified control points and then incorporate the resulting data into the global model (Peprah et al., 2017; Dawod, Mohamed, & Ismail, 2009) . In this case, a smaller number of points can be used, considering that the global model covers the whole area. The aim of this paper is to assess the accuracy of the geoid model resulting by fitting EGM2008 in a local area using a limited number of control points uniformly distributed on the territory, such as GNSS PS. To interpolate undulation differences, the Ordinary Kriging method (Wackernagel, 1995) which is generally appreciated among the Kriging methods for its simplicity and ease to solve, is used in this study.
Cross-validation
Cross-validation is a statistical validation technique used to assess how well an interpolation model performs (Xiao et al., 2016) . In other words, it permits to define the accuracy level of predictive values. It involves removing a point from the data to be interpolated, using other points to estimate a value at the location of the removed point, and testing the performance by means of the removed data. The residual, or the difference between the known and estimated point in turn, is computed to evaluate the goodness of the adopted interpolation method (Fasshauer & Zhang, 2007) . Instead of only one data point, a subset of the starting database can be removed in turn.
Cross-validation indicates a whole class of model evaluation methods. The holdout method is the simplest kind of cross-validation: the dataset is divided into two parts, named the training set and the testing set. The first set is used to determine the interpolation function, the second to calculate the residuals that the chosen interpolator produces in test points (Kohavi, 1995) . K-fold cross-validation permits to improve over the holdout method: the dataset is separated into k subsets, and the holdout method is repeated k times; each time, one of the k subsets is chosen as the test set and the other k-1 subsets are used together as a training set (Refaeilzadeh, Tang, & Liu, 2009) .
Cross-validation is useful to evaluate the performance of an exact interpolator such as Ordinary Kriging that does not produce residuals in the given points. It permits to estimate the generalisation error without sacrificing an important amount of data as test points (Weiss & Kulikowski, 1991 ; Angulo-Martínez, Lopez-Vicente, VicenteSerrano, & Beguería, 2009).
K-fold cross-validation is applied in this study. Specifically, the whole dataset is divided into five classes, each of them containing five GNSS PSs. One of them, the class named GNSS PSs 5, contains the "more peripheral" points, i.e., the points that are positioned respectively at higher/lower latitude and longitude. It is included in all training datasets, so to allow the same extension for each model (all values are interpolated and not extrapolated). The remaining four folds are purely random-partitioned. The schematic diagram of the cross-validation is shown in Figure 3 where, for each subset, the identification number (as reported in Table 1 Figure 3 . Schematic of the cross-validation: for each subset, the identification number (the same reported in Table 1 ) of each GNSS PS included is indicated
Results and discussion
To determine local geoid model in the considered area, we use Geostatistical Analyst, an extension of ArcGIS version 10.3 by ESRI to generate surfaces from sample data by means of interpolation methods. Specifically, within this extension, the Geostatistical Wizard is a dynamic set of pages that guides the user through the process of constructing and evaluating the performance of an interpolation model. During the construction phase, the wizard permits to change parameter values and suggests optimised values for each; it also consents to move forward or backward in the process as well as to assess the cross-validation results to see whether the current model is acceptable or some of the parameter values should be modified. The Geostatistical Wizard provides several interpolation methods, both deterministic and geostatistical (Johnston, Ver Hoef, Krivoruchko, & Lucas, 2001 ).
The selected Ordinary Kriging method requires, as a first step, the construction of the empirical variogram. In this study, the lag size and the number of intervals into which the range of distances to be analysed is divided are chosen as 15,000 m and 12 respectively. Different attempts are made to approximate the experimental variogram with the theoretical variogram: in this case, the function that best fits the points of the empirical variograms (Oliver & Webster, 2014 ) is the Gaussian model. Geostatistical Wizard applies cross-validation by sequentially omitting a point and predicting its value using the rest of the data. Statistics on the differences between measured and predicted values serve as diagnostics that indicate whether the model is reasonable for map production. In other words, the best solution is identified by minimizing the error (Dashtpagerdi, Vagharfard, & Honarbakhsh, 2013) .
The result of the Geostatistical Wizard procedure is a prediction map that shows the interpolated values at a very high level of detail. The user may save the resulting model in raster format, selecting the pixel dimensions. Of course, the higher the resolution, the greater the quantitative of stored information, but also the greater the file dimension. A compromise is therefore necessary, taking into account the distance between the sample data.
In this work the differences between the GNSS PS geoidal heights and the corresponding EGM2008 1′ × 1′ ones are used as a starting dataset for Ordinary Kriging application. The resulting model is summed to the EGM2008 1′ × 1′, obtaining the undulation model 60 m × 60 m shown in Figure 4 . Table 2 reports the statistics of the differences between EGM2008 and GNSS PS geoidal heights. In particular, using a geoid online calculator named GeoidEval (Karney, 2008) , undulation interpolated values in the considered points are calculated; thus, in Table 2 are the differences between EGM2008 2.5′ × 2.5′ and GNSS PS geoidal heights (raw 1), EGM2008 1′ × 1′ and GNSS PS geoidal heights (raw 2), EGM2008 interpolated values (EGM2008 IV) and GNSS PS geoidal heights (raw 3). The interpolated model permits to reduce the errors, but in both cases the results show that the global model (GIS dataset 2.5′ × 2.5′, GIS dataset 1′ × 1′, interpolated values) is not suitable for some local applications.
In fact, subtracting EGM2008 geoidal undulation from GPS ellipsoidal height, the resulting orthometric height is affected by an error unacceptable for geomatics operations at a large scale (1:5000 or less). By contrast, the results show an aspect well known in the literature: compared with local undulations, EGM2008 presents a bias due to the reference point considered for the definition of the zero level in the local area. Because Ordinary Kriging tends to conserve the primary values (changes are introduced only as a result of the model resolution), residuals in the used points (GNSS PS locations) are zero. As a result, cross-validation (its limits notwithstanding) can provide first information on the achieved accuracy. As previously explained, the ArcGIS tool removes one data location and then predicts the associated data using the data at the remaining locations. Statistics on the resulting residuals are shown in Table 3 . These results seem to prove a good performance, but further insights are needed. As a consequence, the approach to the cross-validation illustrated in the previous paragraph and based on four experiments, is adopted. In Table 4 , the statistics of the cross-validation results are reported. Considering all experiments, the differences between interpolated and measured values vary from ±0.177 m to ±0.239 m, the standard deviation varies from 0.032 m to 0.149 m, the mean values vary from ±0.006 m to ±0.029 m, and the RMS varies from 0.033 m to 0.149 m. These results seem to attest to a good performance of the Ordinary Kriging interpolator, but more reliable are tests on check points (CPs) that are not included in the dataset used. Fifty CPs in the study area are therefore considered to assess the model accuracy and the limits to its practical use. They are selected by Geodetic networks (realised by the local administrations, i.e., Piemonte, Valle d' Aosta, Lombardia and Liguria Region) to provide uniform coverage of the study area, as shown in Figure 5 .
In the monograph of each Geodetic Point, all useful data are included. In particular, both the ellipsoidal and ortometric heights are present, the first resulting by accurate GPS survey, the latter measured by levelling or calculated using the accurate local geoid ItalGeo2005 whose differences compared to EGM2008 are well known in literature (Barzaghi et al., 2016) . Differences between the ellipsoidal and orthometric heights are calculated to achieve geoid undulations. Table 5 shows the statistics of the test results. These results show the presence of a bias in EGM2008 due to the reference point considered for the definition of the zero level in the local area. The mean value (0.483 m) is similar to that previously resulted (0.472 m). EGM2008 should therefore be performed using a vertical translation, to bring the model near the GNSS PS undulation values; in other words, the bias must be subtracted from the original value of each undulation (Maglione, Parente, & Vallario, 2018) . The statistics of the differences between the EGM2008 bias-corrected and CPs geoidal heights are shown in Table 6 .
Comparing the statistics reported in Table 5 and Table 6, the model obtained performing EGM2008 with GNSS PS undulation values is more accurate than the EGM2008, as well as from the bias-corrected EGM2008. In fact, it permits to achieve an RMS value of ±0.112 m, while residuals vary from ±0.251 m to 0.265 m. The bias-corrected EGM2008 is more accurate than EGM2008, but presents higher values of standard deviation and RMS as well as a larger range of residual values than the proposed model. As a result, it is possible to use the proposed model to produce from a GPS dataset contours for large-scale mapping. In fact, the USGS (United States Geological Survey) Map Accuracy Standard requires that not more than 10% of the elevations tested shall be in error by more than onehalf of the contour interval; therefore, because in 5 points (10% of CPs) it presents residuals higher than 0.20 m, the proposed model is useful to contour data with a contour interval of 0.40 m (scale 1:2000).
Conclusions
This study confirms that global geoid models presenting in local areas accuracy values that are not suitable for applications at large scale may be performed using accurate undulations values, e.g., derived by GPS/levelling.
The experiments carried out on an area located in Northwestern Italy also demonstrate that a limited number of points can contribute to improve the accuracy of the resulting model, if appropriately chosen and used. In particular, considering an area of about 28,000 sq km, a starting dataset of 25 GNSS PSs permits to decrease of 78% the RMS of the undulation residuals in 50 CPs supplied by the EGM2008 1′ × 1′. The adopted approach is based on two steps: firstly, the differences between the GNSS PS geoidal heights and the corresponding EGM2008 1′ × 1′ ones are interpolated using Ordinary Kriging; the resulting model is then summed to the EGM2008 1′ × 1′ to obtain the undulation model (in this study a grid 60 m × 60 m is adopted).
The resulting model is better than the bias-corrected EGM2008, even if the improvement is limited to a few centimetres. By using the calculated geoid model to derive orthometric heights from ellipsoidal heights in the considered area, the tests indicate an RMS value of 0.112 m, with residuals from ±0.251 m to 0.265 m. In accordance with the USGS Map Accuracy Standard, it is possible to use this model for large-scale map applications, and it permits the use of a GPS dataset to produce contours suitable for a scale of 1:2000.
In this work, to demonstrate the benefit of using these freely available data appropriately integrated in EGM2008, only a GNSS PS coordinate dataset is considered. The geoid model accuracy can also be improved using other datasets, e.g., levelling network data that in some cases are accessible free of charge. An interesting development of this study should be to test the accuracy variability of the resulting model by increasing the number of the dataset records.
Another aspect to be considered should be the comparison of different interpolation methods, e.g., Inverse Distance Weighting to a Power or second-degree polynomial.
Ultimately, the proposed model is not useful for institutional operations where the official local geoid (ItalGeo2005) is required as well, as in every case this requires very high accuracy. Nevertheless, it can support studies and applications where GPS datasets are available and orthometric heights are necessary, but with accuracy higher than a global model and lower than the official local model. This category includes some GIS applications at large scale that require elevation data, e.g., some DTM constructions, visual impact assessment of new opera on the neighbourhood landscape or screening of areas useful for wind farms.
